Chloroplast-derived signals modulate expression of nuclear genes for chloroplast proteins. GUN1 has recently been identified as a chloroplastlocalized pentatricopeptide repeat protein that integrates information from several different signalling pathways.
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Chloroplasts and mitochondria evolved through endosymbiosis from free-living prokaryotic organisms -cyanobacteria and proteobacteria, respectively. Over the course of evolution, the progenitor organelles surrendered most of their genes to the nucleus, and so became fully dependent upon the eukaryotic host. In fact, over 90% of the w3000 proteins required to build a fully-functional chloroplast are encoded in the nucleus, translated in the cytosol, and imported into the organelle post-translationally [1] ; the remainder are encoded and synthesized within the organelle itself by an endogenous genetic system. A consequence of this partitioning of genetic information is that the proper development and operation of chloroplasts necessarily requires input from two different genomes. The multiprotein complexes of photosynthesis, for example, comprise mixtures of nucleusencoded and chloroplast-encoded subunits. To ensure the correct, stoichiometric assembly of these complexes, and to enable their rapid reorganization in response to developmental or environmental cues, the activities of the nuclear and chloroplast genomes must be synchronized through intracellular signalling.
That the nucleus dominates this inter-organellar exchange of information is beyond doubt. Nevertheless, it is also quite clear that signals emitted by chloroplasts -so-called 'retrograde' signals -can have profound effects on events in the nucleus [2] . In view of the importance and complexity of the functions of plastids (the family of organelles to which chloroplasts belong), such as photosynthesis, it comes as no surprise to learn that chloroplast signals are sophisticated and multifarious in nature [3, 4] . For example, redox balance within the photosynthetic electron transport chains, the accumulation of reactive oxygen species, and the perturbation of plastid gene expression or chlorophyll biosynthesis are all factors known to influence nuclear gene expression. While we are aware of the factors that trigger retrograde signalling, the mechanisms by which the signals are transmitted to the nucleus remain a mystery. A recent paper from the laboratory of Joanne Chory [5] describes the identification of two retrograde signalling intermediates, and so sheds significant light in this area.
Over ten years ago, Chory and co-workers [6] conducted a genetic screen for Arabidopsis mutants with defects in retrograde signalling. The screening strategy hinged on previous observations, from several different groups, that the transcription of nuclear genes for chloroplast proteins is strongly repressed if chloroplast development is blocked through photooxidative damage [7] . The herbicide norflurazon inhibits the formation of photoprotective carotenoid pigments, which in turn leads to the light-driven destruction of the chloroplast interior, while leaving the rest of the cell intact. Under these circumstances, genes such as those encoding the lightharvesting chlorophyll a/b-binding proteins (Lhcb) are strongly repressed. Susek et al. [6] fused an Lhcb promoter to a selectable marker gene, and then used the resulting chimera to screen for Arabidopsis mutants no longer able to repress Lhcb expression upon growth in the presence of norflurazon.
This screening strategy led to the identification of five independent genomes uncoupled (gun) mutants. Later work revealed that four of the five mutations (gun2-gun5) interfere, in various ways, with the chlorophyll biosynthetic pathway [8, 9] , and culminated in the identification of the tetrapyrrole intermediate, Mg-protoporphyrin-IX, as a key instigator of one particularly important retrograde signalling pathway [10] . Wild-type plants, it seems, accumulate Mgprotoporphyrin-IX following norflurazon treatment, triggering a signalling response, whereas the gun2-gun5 mutants are unable to build up sufficient quantities of the intermediate. Evidence suggested that the effect of gun1 was distinct from that of the other mutations and unrelated to chlorophyll biosynthesis [8, 11] , but until recently the identity of the GUN1 locus remained enigmatic.
Intriguingly, Koussevitzky et al. [5] reveal that GUN1 encodes a chloroplast protein with a pentatricopeptide repeat (PPR) domain. Such domains comprise tandemly-repeated, 35-residue motifs that are related to the betterknown, 34-residue tetratricopeptide repeat (TPR) motifs [12] . While the latter form protein-protein interaction interfaces, the former are thought to mediate sequence-specific binding to nucleic acids, in particular to RNA. Pentatricopeptide repeat proteins seem to be present in all eukaryotes, but they have undergone a spectacular expansion in plants: the human genome encodes only six PPR proteins, whereas Arabidopsis and rice each have several hundred different genes for PPR proteins. They account for a significant proportion of the genes of unknown function in plants, and most (if not all) plant PPR proteins are thought to reside in chloroplasts or mitochondria [12] . It is well documented that the nucleus exerts authoritarian control over every aspect of gene expression in plastids [13] , and it seems likely that PPR proteins play an important role in enforcing this regime [14] .
The GUN1 protein is somewhat unusual, in that it possesses an additional small mutS-related (SMR) domain at its carboxyl terminus -such domains are found in proteins that mediate DNA repair and recombination -and appears to bind DNA [5] . GUN1 was observed to localize to sites of active transcription in chloroplasts, but its exact function remains uncertain. While the gun2-gun5 mutations block the Mgprotoporphyrin-IX signalling pathway specifically, the effect of gun1 extends to include the redoxrelated and plastid gene expression-dependent signalling pathways as well [5] . This suggests that GUN1 acts at a downstream position in all three pathways, and that its role is to integrate information from multiple sources (Figure 1) .
To elucidate the sequence of events during retrograde signalling, the nuclear targets of the GUN1 and GUN5 pathways were identified by transcriptomic analysis of the corresponding mutants. When the promoters of the target genes were analysed carefully, an ACGT motif was found to be substantially overrepresented. As this motif forms the core of the abscisic acid (ABA) response element (ABRE), as well as of the light-responsive G-box, Koussevitzky et al. [5] conducted a survey of Arabidopsis ABA-deficient and -insensitive mutants to determine if any also display a gun phenotype. Remarkably, one of the mutants, ABA-insensitive 4 (abi4), was found to be phenotypically similar to gun1, in that it affected all three retrograde signalling pathways tested. Moreover, overexpression of the ABI4 protein suppressed the gun1 phenotype, indicating that ABI4 likely acts downstream of GUN1 in the same pathway ( Figure 1) . ABI4 is an apetala 2 (AP2)-type nuclear transcriptional regulator. It was initially identified on the basis of its involvement in responses to the water-stress-associated hormone, ABA, but has since been shown to repress photosynthetic genes in response to excessive sugar [15] . Interestingly, the gun1 mutant, like the abi4 mutant, was found to be defective in this sugarmediated repressive response, suggesting a close connection between retrograde signalling and sugar sensing, and the involvement of GUN1 in both processes [5] (Figure 1 ). An additional layer of complexity was hinted at when GUN5 -a subunit of the chlorophyll biosynthetic enzyme that generates Mg-protoporphyrin-IX -was identified as an ABA receptor [16] . However, it presently appears that there is no direct link between ABA signalling and retrograde signalling upstream of ABI4 [5, 16] .
A G-box element in the Lhcb promoter, termed CUF1, was previously shown to mediate responses to plastid signals, as well as light induction [10] . Two cytosine residues precede the G-box core (ACGT), yielding two overlapping elements: CCAC and the ACGT. Yeast one-hybrid analyses revealed that ABI4 binds the CCAC motif, rather than the G-box itself [5] , suggesting a model in which ABI4 and a lightresponsive G-box-binding factor (GBF) compete for access to the promoter (Figure 1 ). This would explain how negative retrograde signals from plastids (mediated by ABI4) are able to override positive signals induced by exposure to light (mediated by GBF). A high proportion of gun-responsive promoters contain the CCAC/ACGT promoter elements in close proximity, and so this mechanism might control many genes. However, not all retrograde-regulated promoters contain the CCAC element, indicating that this is not a universal mechanism. Moreover, the responsiveness to retrograde signals of a ribulose bisphosphate carboxylase (small subunit) promoter was not abolished following deletion of a sugar-responsive, ABI4 binding site (the S-box) [17] , suggesting that the situation may not always be as simple as presented in Figure 1 .
Further evidence of a more complex picture of retrograde signalling emerges when one considers transcriptome responses to genetic lesions or environmental factors that impinge upon chloroplast function. Although many treatments or conditions lead to the en masse upregulation or down-regulation of nuclear genes for chloroplast proteins -suggesting the existence of a 'master switch', which may well correspond to ABI4 -many others cause much more complex patterns of gene expression, involving the simultaneous induction and/or A particularly nice example is provided by the plastid protein import 1 (ppi1) mutant [19] , which lacks the chloroplast protein import receptor atToc33. This is actually one of two similar receptors in Arabidopsis, the other being atToc34, which are thought to have distinct substrate preferences: atToc33 mediating the import of the highly abundant precursors of the photosynthetic apparatus, and atToc34 the import of 'housekeeping' proteins (for example, components of the plastid's genetic system, or enzymes of non-photosynthetic metabolism) [1] . Remarkably, the ppi1 mutation triggers the specific down-regulation of photosynthesis-related genes (Figure 2 ), suggesting that retrograde signalling mechanisms exist to prevent the futile expression of proteins not able to reach their final, organellar destination [20] . Clearly, such exquisite regulation specificity could not be achieved were all plastid signalling pathways to converge and control gene expression through a common process.
Observations such as these suggest that a great deal remains to be learnt concerning plastid-tonucleus signalling. Nevertheless, the molecular identification of GUN1 as a PPR-domain protein residing in chloroplasts, its role in retrograde signal integration, and the recognition of the nuclear transcription factor, ABI4, as a downstream component in several pathways constitute remarkable strides forward. One can only look forward to the future and similarly intriguing advances in our understanding of this organellar repartee. The ppi1 mutant of Arabidopsis lacks the chloroplast protein import receptor, atToc33, and consequently has a yellow-green appearance (A). The atToc33 receptor is believed to have recognition specificity for precursor proteins with roles in photosynthesis. Remarkably, transcriptomic analysis of the 3000 or so nuclear genes that encode chloroplast proteins revealed that ppi1 causes the down-regulation of photosynthesis-related genes specifically, and not other functional categories (B). This suggests the existence of sophisticated retrograde signalling networks that serve to prevent the futile expression of precursor proteins unable to reach their final destination inside the organelle. (Adapted from [20] .)
